The magneto-optical effect breaks time-reversal symmetry, a unique property that makes it indispensable in nonreciprocal optics and topological photonics. Unfortunately, all natural materials have a rather weak magneto-optical response in the optical frequency range, posing a significant challenge to the practical application of many emerging device concepts. Here we theoretically propose a composite material system that exhibits an intrinsic magneto-optical response orders of magnitude stronger than most magneto-optical materials used today. This is achieved by tailoring the resonant interplay between the quantum electrodynamics of electronic transitions in two-level systems and the classical electromagnetic response of local plasmon resonance.
I. INTRODUCTION
Breaking Lorentz reciprocity using the magnetooptical (MO) effect opens the door to a new class of functionality unattainable in reciprocal systems. It directly contributes to the rise of fields of nonreciprocal [1] [2] [3] [4] [5] [6] [7] [8] and topological photonics [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . While many exciting optical sciences are being discovered, such as optical Weyl points [17, 19] , quantum Hall effect [13, [20] [21] [22] [23] [24] [25] [26] [27] , etc., there has always been a challenge: nature does not offer any material with a strong magneto-optical effect in the optical frequency range [28] . In nonreciprocal photonics, the weak MO effect has been the roadblock in miniaturization of optical isolators, holding back the development of fully integrated Si photonics. In emerging topological photonics, demonstration of nontrivial topological states has rarely gone beyond radio frequency [13, 29] , again because the MO effect of natural materials tails off when transitioning from the radio to the optical frequency. The weak MO response in natural materials prompted the search for other ways of breaking reciprocity, including for example nonlinearity [30] [31] [32] [33] [34] [35] and time-dependent modulation [2, [6] [7] [8] 36] . However, these methods come with their own limitations. The performance of nonlinear methods strongly depends on the intensity of light signal and suffers from dynamical reciprocity [37] . The time-dependent modulation, on the other hand, requires active driving that is both complex and power hungry [5] .
The lack of strong MO materials has also motivated extensive research on using nanostructures to enhance the MO effect. These structures slow down light to increase interaction time with the MO materials. It is achieved by a variety of resonant structures [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] , including ring resonators, photonic crystal slabs and optical nanoresonators. However, these wavelength-scale structural features substantially limit its general applicability in complex geometries. For example, it is * Corresponding author: zyu54@wisc.edu unclear how a ring resonator can be made compatible with three-dimensional Weyl photonic crystals [17, 55] , which come with their own structural specifications.
An ideal enhancement mechanism should use intrinsic material properties instead of extrinsic structures that could impede general usability. Here, we theoretically show that a quantum-classical composite material could exhibit an intrinsically large MO response in the optical frequencies. It uses quantum electronic transition in two level systems (TLSs)such as atoms, molecules, and quantum dotsto provide the intrinsic magneto-optical response. Under an external magnetic field, Zeeman splitting lifts the degenerate optical transitions for left and right circularly polarized light. When the split is greater than the spectral width of individual transitions, left-and right-circularly polarized transitions no longer spectrally overlap, leading to a perfect MO response. This effect can be readily achieved in isolated quantum systems such as TLSs, but not in bulk materials, where a large number of states are densely packed in the energy spectrum and overlapping transitions cancel MO response despite Zeeman splitting. Based on magnetized TLS, we further explore ultra-compact local plasmonic resonance to broaden the bandwidth of enhanced MO effect. With a strong intrinsic MO response, the material offers unprecedented flexibility in breaking the Lorentz nonreciprocity in the optical frequency range.
II. MAIN RESULTS
The MO strength of a material can be described by the imaginary off-diagonal component of polarizability. Even for some of the strongest MO materials such as yttrium iron garnet (YIG), the magneto-optical response, i.e. the off-diagonal component of the polarizability, is at least three orders of magnitude weaker than the non-MO electromagnetic response, i.e. the diagonal components. On the other hand, Zeeman splitting of electronic transition is well known to induce a strong magneto- optical effect [56] [57] [58] . When a magnetic field splits the excited state of a TLS, the polarizability tensor at the transition frequency σ + (details in Sec. III C of supplementary information)
where α 0 = 3iε 0 λ 3 /4π 2 . ε 0 is vacuum permittivity and λ is the wavelength of the resonant transition. The polarizability exhibits a perfect MO response: the imaginary off-diagonal component has the same magnitude as the diagonal component. Figure 1 compares MO materials and a magnetized TLS. Unlike bulk materials, where we can use the Faraday rotation angle to measure the MO strength, here we instead use the polarization of the forward scattered light to characterize the strength of the MO response for a single subwavelength object. Specifically, we consider an incident wave linearly polarized along the x direction. When the material has no MO effect (Fig. 1a) , the induced polarization p is linearly polarized along the x direction, resulting in linearly polarized scattered light in the forward direction. For an MO material, e.g. YIG with ε xy = 0.06i, the induced polarization p acquires a small component in the y direction with a phase difference of π/2 relative to that in the x direction. This small y component leads to elliptically polarized light as shown in Fig. 1b . Because of the weak MO strength, the polarization is highly elongated along the x direction. If YIG's ε xy were to increase to 3i, the scattered light would become more circular, as shown in Fig. 1c .
These conclusions are independent of the size of the particles, as long as they are well below the wavelength. The strong MO effect of a magnetized TLS can be seen in Fig. 1d , where σ ± represent transitions coupled to clockwise and anti-clockwise circular polarized light, respectively. The scattered fields are circularly polarized, indicating a perfect magneto-optical response.
However, TLS's strong intrinsic MO response suffers from one critical issue: the incident frequency must be around one of the transitions σ ± , as shown by the inset of Fig. 1d . Unfortunately, these transitions typically have a very narrow spectral bandwidth γ 0 . For example, the bandwidth of the D1 transition (5 2 S 1/2 → 5 2 P 1/2 ) of an Rb87 atom is only 36.1 MHz [59] . To make this strong MO response relevant for optical applications, the bandwidth must be increased by orders of magnitude.
The fundamental limit of bandwidth comes from the small size of the radiating dipoles in TLSs. The relationship between bandwidth and dipole size is given by γ 0 ∼ µ 2 [60] . For the D1 transition described above, the effective size of the transition dipole momentum is only 0.08 nm, a rather small size compared to most classical radiators at optical frequencies. Unfortunately, it is rare for a TLS to have a large dipole, due to their small physical sizes. One cannot solve this issue by using superlarge TLSs or even bulk materials. The magnetic field splits otherwise degenerate states. As shown in Fig.  2 a, it is essential to have these non-overlapping transitions for clock-wise (orange) and counter-clock-wise (blue) polarized light in order to create MO response. In large systems or bulk materials, the transitions are often densely packed in the energy spectrum. Although the magnetic field can still split the degenerate states, it cannot easily create non-overlapping transition for clock-wise and counter-clock-wise polarized light, as illustrated in Fig. 2b . These overlapping transitions make it difficult to realize strong MO response in large systems or bulk materials [61] (see Sec. II in supplementary information for further explanation).
In classical electromagnetics, the dipole moment may not always be limited by small physical size. For example, considering a spherical nanoparticle with a subwavelength size (e.g. 5 nm), the induced dipole moment is [62, 63] 
ε NP +2 ε 0 E 0 , where V and ε NP are the volume and the permittivity of the nanoparticle, respectively, and ε 0 is the vacuum permittivity. The dipole moment diverges when ε NP = −2, resulting in an effective dipole of infinite size. This effect contributes to local plasmonic resonances that are widely used for sensing [64, 65] . In practice, the dipole moment will not diverge due to the loss in real materials. Using this effect, we show a quantum-classical composite system [66] [67] [68] [69] [70] [71] [72] [73] [74] that can exhibit a magnetized dipole of greatly enhanced size. Figure 3a shows one example of such a composite system: it consists of a magnetized TLS placed near a non-magnetic nanoparticle. The distance between the TLS and the nanoparticle is relatively short (< 20 nm).
First, we provide an intuitive understanding of how the composite system helps to increase the effective size of the dipole in a magnetized TLS, and consequently, its bandwidth. We again consider the forward scattering field under a linearly polarized incident wave. The magnetized TLS produces a very strong scattered field around itself. The field as felt by a nearby nanoparti- cle is thus dominated by this scattered field, which is circularly polarized. As a result, the induced polarization in the nanoparticle is circular, instead of following the incident field to create a linear polarization. Figure 3a illustrates the induced polarization current of the nanoparticle. This circulating current produces a circularly polarized scattered field, which further contributes to the MO response of the system. It effectively increases the size of the rotating dipole of the magnetized TLS, leading to a much stronger coupling to the radiation continuum, and thus a broader radiative bandwidth, than a bare TLS alone.
Another perspective to understand bandwidth broadening is the Purcell factor calculated as [71, 75] 
, where
Green functions [76] . ↔ G 0,s are the Green's function in free space and the scattered Green's function due to the nanoparticle, respectively. The bandwidth enhancement diverges when the permittivity ε NP ∼ −2. For real materials, such as gold, the optical loss curtails the divergence but still produces significant bandwidth enhancement. An example of a gold nanoparticle is shown in Figs. 3a&b . From the Purcell factor alone, one cannot conclude if the composite system's response is dom-inated by the TLS's MO response or the non-magnetic response of the nanoparticle. The modified decay rate Γ includes both radiative and non-radiative parts.
Next, we perform quantum electrodynamic modeling of the composite system to explicitly show the MO response. When a plane wave is incident upon a composite TLS-nanoparticle system, the expectation value of the total field operator E (r) can be written as [74] 
where E 0 represents the incident plane wave and E s 0 is the scattered field of the nanoparticle in the absence of the TLS. The scattered field operator of the TLS is given by E TLS (r) = ω 2 /ε 0 c 2 ↔ G (r, r TLS , ω) ·d, where the induced dipole moment d can be solved by a Bloch equation under weak excitation [71, 74] (also see details in Sec. III A of supplementary information)
where m = ± denote the transitions σ ± and ω is the frequency of the incident wave. The effective I . Under a linearly polarized incident wave, we calculate the polarization of the scattered field in the forward direction for the cases studied in Fig. 3a . The polarization is almost circular, indicating strong MO response. The induced current calculated on the surface of the nanoparticle is indeed circulating, as shown in Fig. 3a . The circular polarization of a TLS near a nanoparticle can be described by the degree of circular polarization (DOCP), which levels off to +100% at transition frequency σ + (see details in Sec. III D of supplementary information). It indicates the polarization of this modified TLS is perfectly circular. The strong MO response can also be seen under circularly polarized incidence. At the σ + transition frequency, the clock-wise polarization strongly excites the composite, while the other, orthogonal polarization barely interacts with the composite (as shown as the Poynting flux flows in Figs. 3c&d) .
Next, we consider a TLS with a specific radiative linewidth γ 0 = 1 GHz [77] around 550 nm wavelength. To allow some spacing between the TLS and the gold particle, we embed the TLS in a uniform background material with a dielectric constant ε b = 2.25. The permittivity of gold nanoparticle ε N P is given by the Drude model with non-local effect and Landau damping (Sec. III F in supplementary information). In general, as the TLS-nanoparticle spacing decreases, the bandwidth broadens while the peak value of the off-diagonal polarizability decreases. The spacing is 8 nm and the radius of the gold particle is 5 nm. In practice, such structures can be produced using core-shell structures [78] [79] [80] . We apply a finite magnetic field corresponding to a Zeeman splitting of ∆ω B = 200γ 0 . Here we use fullwave electromagnetic modeling in Eqs. (2) ′ , ω can be numerically calculated [76, 81] . Figure   4a shows the off-diagonal component of the polarizability α xy with and without the nanoparticle. Two peaks correspond to the two Zeeman-splitting transitions. The ratio |α xy |/ |α xx | remains close to 1 at resonant frequencies of transitions σ ± because the bandwidth broadening is less than the Zeeman splitting and there is almost no overlap between these two transitions. The nanoparticle broadens the bandwidth by 40 times, and the bandwidth broadening also varies with the direction of incident light. Here we obtain greater enhancement in Fig.  4a than that in Fig. 3b because the incident direction is normal to the axis that connects the TLS and the center of the nanoparticle. The enhanced bandwidth of 40 GHz is quite useful for communication applications. It would be important to further enhance the bandwidth to the THz range to enable broader applications. This cannot be achieved by reducing the spacing between the TLS and the nanoparticle, as the MO response will be weakened by the strong ohmic loss in metal.
Next, we use multiple TLSs to further broaden the bandwidth by at least one order of magnitude. Specifically, a cluster of TLSs is randomly placed on a sphere centered around the nanoparticle, as shown by the inset of Fig. 4b . The transition frequencies of these TLSs are not necessarily to be identical, and are randomly distributed in a spectral range ∆ω. Because of this frequency distribution, multiple transitions at different frequencies enable further enhancement of the MO bandwidth. As a result, it can be greater than the Zeeman splitting. We perform quantum electrodynamic modeling that fully incorporates the electrodynamic interactions among all components in the composite system with the radiative correction to the dipole approximation for nanoparticles; the method is shown in Sec. III F of supplementary information. We compare the MO response for the cases of one and 25 TLSs, which are shown by the blue and red curves in Fig.  4b , respectively. The spectral bandwidth for ensemble case is defined as the area of the off-diagonal polarizability spectrum divided by its maximum value |α xy (ω)|dω/max|α xy (ω)| and it reaches 1300γ 0 for the 25 TLSs case, which is equivalent to 1.3 THz for TLSs. Over this broadened bandwidth, the ratio between the diagonal and off-diagonal polarizability remains high at around 1/2. The polarizability tensor of multiple TLSs is evaluated by
TLS , where N TLS is the number of TLSs.
TLS is the dressed polarizability of the ith TLS and it is solved by considering all radiative interactions(see details in Sec. III F of supplementary information). Such a direct sum is a reasonable estimate due to the deep subwavelength scale of the composite. Given the randomness of the location and transition frequency of the TLSs, we average the result for 1000 random simulations, each having a different random configuration. We also note that without the nanoparticle a cluster of magnetized TLSs alone would still exhibit extremely narrow bandwidths.
The TLS-nanoparticle composite shown here has a typical radius of around 10 nm, which is small enough that a large number of composite units can be incorporated into a bulk material. It can then be fabricated into a complex structure with little geometrical constraint. So far, we have only analyzed a single composite. To support the above claim, we now provide an example of such a bulk material with greatly enhanced MO response.
We consider a glass material with a refractive index of 1.5. To enable a strong MO response in this glass, we embed magnetized TLS-nanoparticle composites. Each composite has a 5 nm gold nanoparticle and 10 TLSs that are 8 nm away from the nanoparticle surface. We perform full electrodynamic simulation of the material. This is a computationally expensive simulation, considering that we model the response of each TLS and nanoparticle without using any effective medium assumption. Accordingly, we must limit the size of the material to make the computation feasible.
Here, we consider a disk with a radius of 550 nm and height of 45 nm, filled with about 300 composites randomly distributed (Fig. 4c) . In practice, we can use more composites and more TLSs to further increase the MO strength. We consider the Faraday rotation of a Gaus-sian beam passing through the material (details of modeling shown in Sec. V of supplementary information). The beam wrist is half of the wavelength, so the beam can maximally fit onto the disk. The Zeeman splitting caused by external magnetic field is ∆ω B = 200γ 0 , as before. Light transmitted through the disk is generally elliptically polarized. The Faraday rotation angle is estimated as θ F = (1/2)atan 2Re E y /E x / 1 − |E y /E x | 2 are the electrical fields of the transmitted light in the x and y directions, respectively. Despite the ultra-thin thickness of the disk, the Faraday rotation reaches 30 degrees, as shown in Fig. 4b . In contrast, for a YIG disk of the same size, the Faraday rotation angle is 0.5 degrees (Fig. 4d-f) . The Faraday rotation of the glass remains almost two orders of magnitude greater than that of the YIG material for a spectral bandwidth of 0.1 nm. Here the Faraday rotation through the YIG disk is performed by using finite-element methods to solve the Maxwell's equations.
III. DISCUSSIONS
Magnetized TLS-nanoparticles can realize an intrinsic MO response that is two orders of magnitude stronger than that of natural materials such as YIG. In contrast, all existing enhancement methods do not modify any fundamental property of a material. Their reliance on extrinsic structure features substantially limits general usability. The magnetized TLS-nanoparticle is also within the reach of experimental realization. For example, CdSe/CdTe quantum dots can be easily fabricated [82, 83] and their transition frequency tuned by size. The Zeeman splitting energy of semiconductor quantum dots caused by the spin splitting has been expressed as ∆ω B = gµ B B/ [84] , where g is the Land g-factor. The Zeeman splitting in our calculation ∆ω B = 200γ 0 corresponds to an external magnetic field B = 0.56T. In practice, many TLSs have a cross section well below 3λ 2 /2π. We show in Sec. III E of supplementary information that the current on the nanoparticle can still be circularly polarized. In addition, it is quite feasible to fabricate nanoparticles that are attached with quantum dots. Examples can be seen in Ref. [69] .
Due to computation power limitations, we only show an example with operation at around 550 nm wavelength and a bandwidth of 0.1 nm. However, in practice, both the operation wavelength and bandwidth can be greatly extended. The operation wavelength is determined by the local plasmon resonance of the spherical gold particle. By tuning core shell structures, the local plasmon resonance can be realized in the full optical (400-800 nm) wavelength range [78] [79] [80] .
It is also straightforward to broaden the bandwidth to tens or even hundreds of nanometers. To do so, we can use the inhomogeneous broadening of the TLSnanoparticle composites: the radii of the nanoparticles and the size of the TLS can be made to distribute over a broad spectral bandwidth. In addition, the spectral bandwidth also scales linearly with the number of TLSs, providing another way to enhance the bandwidth (see details in Sec. IV of supplementary information). The optical loss of the composite material is mainly contributed by the absorption by nanoparticles. The example shown in Fig. 4 has 20% optical absorption with a Faraday rotation angle of 20 degrees. This is remarkably good considering that the disk is only 45 nm thick. The loss is small even compared to the all-dielectric onchip isolator [4] . The loss can also be tuned by the density of the composite in the hosting material. Lastly, we note that the MO response has been reported for a noble metal nanoparticle coated with transition metal [85, 86] . Its MO response is two orders of magnitude weaker than the magnetized TLS-nanoparticle shown here (details in Sec. I B of supplementary information).
